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Abstract 
The elemental (concentration of organic carbon, atomic H/C and C/N ratios), isotopic (<513C values of organic mat­
ter) and molecular (predominant w-alkane chain length and carbon preference index (CPI)) organic components were 
measured for 600 samples taken from a 107-m long core from the Padul Basin (Andalusia, Spain). The record runs from 
the Lower Pleistocene (ca. 1 M a B.P.) to the mid-Holocene (ca. 4.5 ka B.P.) with, in general, little diagenesis (removal of 
components). Two markedly different hydrogeological scenarios were interpreted: (1) F rom ca. 1 M a to ca. 400 ka B.P. 
run-off recharge was significant and water depths were greater (lacustrine scenario). F rom ca. 400 to 4.5 ka B.P., the 
Padul Basin became a peat bog s.s. with the major water input coming from groundwater inflow. F rom ca. 400 to 
ca. 180 ka B.P. alternating episodes with either predominant grasses, trees or aquatic macrophytes which were linked 
to wet/dry phases, took place. An important deglaciation episode has been interpreted to occur between ca. 180 and 170 
ka B.P. The global climatic changes occurring from ca. 170 to 25 ka B.P. were not recorded in the proxies, though they 
do show important variations linked to the Last Glacial Maximum and the beginning of the Holocene (ca. 25-10 ka 
B.P.): (2) Cold phases coexisting with dry periods produced the recession of forests and the development of grasses. 
After these periods, as both temperature and precipitation increased, forests expanded and the water level, linked to 
thaw, rose, especially at ca. 20 ka B.P. Few changes occurred during the Holocene, al though there were short alterna­
tions between wet and dry episodes. Overall, the techniques applied proved to be excellent palaeoenvironmental proxies 
for studvina the basin's oalaeoclimatoloaical and palaeohydrological evolution. 
1. Introduction 
Padul peat bog, located in Andalusia in the southern 
part of the Iberian Peninsula (Fig. 1), has one of the best 
available records of Pleistocene sediments, which are 
more than 100 m thick and can be used to study palaeo-
environmental variations. Previous papers on its stratig­
raphy and palynology have been published: Menendez 
Amor and Florschiitz (1962, 1964), Florschiitz et al. 
(1971) and Pons and Reille (1988), who noted oscilla­
tions in the pollen curves related to palaeoclimatic 
changes. In 1997, in the framework of the E U project 
E Q U I P and Paleoclima (funded by the Spanish Agency 
for Radioactive Waste Management and the Spanish 
Nuclear Safety Council), a new 107-m deep borehole 
was drilled (Nestares and Torres, 1998) near the west 
edge, where the bog reaches its maximum depth (Fig. 1). 
The aim of this study was to reconstruct the palaeo-
environmental evolution of the southern part of the Ibe­
rian Peninsula through interpretation of the organic 
geochemistry of the sediments recorded in the new Padul 
peat bog borehole. Subaqueous sediments hold informa­
tion from which histories of past climates and former 
environmental conditions can be reconstructed. Lake 
sediments receive organic matter from both autochtho­
nous (phytoplankton, bacteria, aquatic macrophytes) 
and allochthonous sources (terrestrial plant debris, pol­
len). Thus, environmental changes affecting vegetation 
within and around the lake should be reflected in the 
biogeochemistry of the lake sediments. Likewise, lake 
morphology, catchment topography and climate affect 
the amounts of contributions from terrestrial and aqua­
tic sources to the sediments. Thus, the composition of 
the organic matter of a lake includes a variety of proxies 
Fig. 1. Geographical and geological setting and cross-section of Padul peat bog. Groundwater flow directions are represented with 
arrows. 
such as elemental, isotopic and molecular indicators 
which can be used to reconstruct palaeoenvironments 
of lakes and their surrounding areas. 
However, interpretation is not simple: in most cases, 
organic matter is a mixture of components from many 
sources and with variable degrees of preservation. De­
spite diagenesis, partial reworking and alteration of the 
original organic matter when sinking to the lake bot tom, 
sedimentary organic matter retains important palaeoen-
vironmental information about its origin and about how 
it was delivered and deposited. In fact, according to 
Meyers (2003), the two most important types of infor­
mat ion provided by sedimentary organic matter are 
the origin of the organic matter and the proportional 
abundance of the various biota that produced it. 
Although lake systems are diverse and the sources 
and evolution of organic matter are geographically 
and temporally variable, useful generalizations can be 
made about the various kinds of elemental, isotopic, 
and molecular organic geochemical proxies that provide 
evidence of the origins and depositional histories of sed­
imentary organic matter and hence palaeoenvironmental 
conditions. 
The borehole was carefully sampled at 15 cm inter­
vals to study the organic matter <513C values, C H N con­
tent and biomarkers, among other palaeoenvironmental 
proxies. Other samples were selected for dating through 
different techniques: radiocarbon, U/Th, amino acid 
racemization and palaeomagnetism. 
2. Geographical and geological setting 
Padul peat bog is located 20 km south of Granada 
city (Andalusia, southern Spain). It was formed in a 
highly subsident fault-bounded tectonic basin at the foot 
of the Sierra Nevada and consists of an endorrheic basin 
surrounded by mountains. It is placed 720 m above sea 
level and some parts are permanently covered by water. 
Its longitudinal axis is NW-SE orientated. It has a sur­
face area of 4 k m 2 and a maximum depth of 100 m. It 
is located close to the Betic Range and is surrounded 
by the Albunuelas Range and Manar mountains, the lat­
ter belonging to the Sierra Nevada Range. The bedrock 
consists mainly of faulted Mesozoic dolostones that 
caused the basin to sink gradually. 
Padul Basin is a discharge area for the groundwater 
flow of the surrounding aquifers. The flow directions 
change from sub-horizontal, in the Mesozoic aquifers 
adjacent to the basin, to essentially upwards discharge 
inside the peat-containing depression (Canada, 1984). 
Present rainfall in the area is a minor factor in the 
water balance of the peat deposit and run-off input of 
water is estimated to contribute only about 8% of the to­
tal (Canada, 1984). Consequently, changes in the water 
table in the peat are controlled indirectly by infiltration 
of water from the surrounding mountains , occasioned 
by accumulation of snow during colder phases and its 
subsequent melting. 
Padul Basin receives a composite of vegetation debris 
from the Sierra Nevada where it is possible to recognize 
a series of vegetation belts (Florschiitz et al., 1971) com­
prising from bot tom to top: steppe, Quercus ilex (more 
humid), Quercus pubescens (xeromorphic), Acantholi-
mon-Tragacanta (Eastern Mediterranean character) 
and Mediterranean mounta in steppe. 
2.1. Borehole core description 
The stratigraphy of the Padul borehole (latitude: 
37°01'01"N; longitude: 3°36'07"W; elevation: 714.20) is 
shown in Fig. 2. where an interpretation in terms of 
water input into the basin is also included (Fig 2-A) 
based on the lithology. Throughout the core fossil flora 
remains are abundant : well-preserved tree wood and 
bark, talus and leaves. A mammal vertebra was also 
recovered and in some horizons mollusc shells were 
found: Pelecypoda (Pisidium sp.) and Gast ropoda (Ra­
dix sp, Planorbis sp and Succinea sp). Ostracod valves 
have been recovered from marly beds: Herpetocypris 
reptans (Baird), Candona angulata Miiller and Candona 
negleta Sars. 
We refer to the sampled horizons of the borehole by 
their depth, in cm, from top to bot tom (e.g., sampled le­
vel SPD-0125 is at 125 cm). 
3. Methodology 
For the borehole dating, four different techniques 
were used: conventional radiocarbon, U/Th, amino acid 
racemization and palaeomagnetism. A total of 600 sam­
ples was also taken at, approximately, 15 cm intervals 
along the borehole to extract the lipid fraction, and to 
obtain the H/C and C/N ratios and <513C values of the 
organic matter. 
3.1. 14C dating 
Radiocarbon dating was undertaken on several peats 
(SPD-0198; SPD-0213; SPD-0300; SPD-0335; SPD-
0345; SPD-0375; SPD-0407; SPD-0433; SPD-0533). 
For this purpose, ca. 100 g were analyzed in the Instituto 
de Quimica Fisica Rocasolano (C.S.I.C., Madrid) . 
Materials measured by the radiometric technique were 
analyzed by converting C 0 2 from the sample to benzene, 
measuring for 1 4 C content in a scintillation spectrometer 
and then calculating for radiocarbon age. The ages were 
calibrated using the program CALIB from the Washing­
ton University, method B, 2 sigma (95.4% confidence 
intervals) (Stuiver and Reimer, 1993). 
Fig. 2. Stratigraphy and chronology of Padul peat bog borehole core. Datings are followed by the method used for their calculation: 
1 4 C , U/Th, aard (amino acid racemization). Owing to drawing limitations, some 1 4 C results have not been represented (SPD-0213, 
7220 ± 190 ka; SPD-0335, 9019 ± 241; SPD-0345, 9021 ± 245, SPD-0407, 11329 ± 213). Pons and Reille (1988) dated the top of the 
Padul record at 4450 ± 60 ka. Diagram A reflects the water-input of Padul Basin based on the lithology (1 , massive peat; 2, peaty lutite 
and lutitic peat; 3, lutites and marls; 4, sands and sandy lutites; 5, gravels); 1 represents low water level episodes and 5 high water level 
episodes. Diagram B shows low (white rectangles), intermediate (grey) and high (black rectangles) water level episodes according to the 
information provided by the palaeoenvironmental proxies. F r o m 107 to 60 m a lacustrine conditions prevailed while at the uppermost 
60 m Padul Basin became a peat bog. 
3.2. UlTh dating 
For U/Th dating we selected and prepared pure peat 
from five horizons (SPD-0825; SPD-1860; SPD-2620; 
SPD-3180; SPD-5805) using the procedure developed 
by Vogel and Kronfeld (1980). 
The procedure used for chemical separation is based 
on that developed by Bischoff and Fitzpatrick (1991). In 
this procedure, the sample is totally dissolved in strong 
mineral acids and a radioisotope with known activity 
is incorporated in order to determine the efficiency of 
the isotope separation. The U and Th isotopes were iso­
lated by ion-exchange chromatography and then ana­
lyzed in an alpha spectrometer from Ortec with a silica 
barrier detector. For age calculation the programme 
U D A T E from Rosenbauer (1991) was used. 
3.3. Amino acid racemization dating 
For amino acid racemization dating purposes, we re­
jected the first centimetre of the borehole to avoid sur­
face contamination. We were able to recover ostracod 
shells in some horizons of the core (SPD-3200; SPD-
3600; SPD-4135), mainly comprising representatives of 
the Herpetocypris reptans (Baird) species. In one horizon 
(SPD-9710) close to the bot tom, Opercula remains of 
Bithynia sp. were recovered. 
Samples were sieved under running water, dried at 
room temperature and studied under a binocular micro­
scope to determine the faunal assemblages. Ostracods 
and Opercula were carefully sonicated and cleaned with 
water to remove the sediment. Afterwards, at least 10 
mg of ostracods (ca 2000 single valves) and 15-20 mg 
of Opercula were picked. 
The sample preparation protocol is described in 
Goodfriend (1991) and Goodfriend and Meyer (1991) 
and involves hydrolysis under N 2 atmosphere in HC1 
(2.9 Lrl/mg of 12 N HC1 and 100 p,l of 6 N HC1) for 20 
h at 100 °C, and derivatization in two steps: esterifica-
tion with thionyl chloride in isopropanol and acylation 
with trifluoroacetic acid anhydride in dichloromethane. 
Aliquots (1^1 were injected into a Hewlett-Pack­
ard 5890 gas chromatograph equipped with a Chirasil-L-
Val fused silica column (0.39 m m x 0.25 |im x 25 m) 
from Chrompack and a N P D detector. 
Mean D/L ratios and standard deviations for each 
horizon are shown in Tables 1 and 2. For the ostracod 
samples, aspartic acid, phenylalanine and glutamic acid 
D/L ratios were selected to calculate the numerical age 
because these were the only amino acids in Herpetocy­
pris reptans samples for which equations could be estab­
lished (cf. Ortiz et al. (2004)). Likewise, according to 
Torres et al. (2000), these amino acids are reliable for 
the age calculation of young samples. The age calcula­
tion algorithms employed are in Ortiz et al. (2004). In 
Opercula samples, isoleucine, leucine and phenylalanine 
d/l ratios were used because they are the most reliable 
amino acids for age calculation of old samples (Torres 
et al., 2000). The age calculation algorithms used are de­
scribed in Ortiz et al. (2002). 
3.4. Palaeomagnetism 
The samples were selected in the laboratory and ori­
entated in situ with a Pomeroy D-2801 portable drill. 
After removing the weathered surface material, cylindri­
cal cores were prepared and measured in the Palaeomag­
netism Laboratory of the Institut de Physique du Globe 
de Paris (IPGP) using a vertical cryogenic 2G magne­
tometer. All the samples were submitted to thermal 
demagnetization to 600 °C at steps of 50 °C in a low 
thermal gradient P Y R O X oven. 
3.5. CHN analysis 
The samples (4-5 g) from the sediment core were 
homogenized with mor tar and pestle. Total organic 
carbon, hydrogen and nitrogen contents were meas­
ured with a LECO CHN-analyser (CHN-600) at 
1050 °C. The inorganic carbon fraction was previously 
removed by adding HC1 so the proportional carbon 
abundance measured (C) is the organic carbon content 
(%TOC). 
3.6. Organic matter S13C values 
Carbon isotope ratios of bulk organic matter were 
measured at the "Estacion Experimental El Zaidin" 
A.D and E.R. After carbonate removal with 1:1 HC1, 
the <513C values of organic matter were measured in 
selected samples by means of an EA- IRMS elemental 
analyser connected to a Finnigan M A T 251 mass spec­
trometer. Results are expressed in S notat ion (%0), using 
the international Vienna Pee Dee Belemnite standard. 
The standard deviations are 0.1% o for <S13C in organic 
matter. 
3.7. Lipid extraction and analysis (biomarker analysis) 
About 5-10 g of sediment were first ground and bio-
markers extracted following the LEB protocol, which 
consists of (Lucini et al., 2000): 24 h soxhlet extraction 
with dichloromethane and methanol 2:1 (suprasolv 
Merck) and concentration of the isolated bitumen using 
a rotor-vapour device. Three fractions were obtained 
through liquid chromatography in a silica-alumina glass 
column using solvents of different polarity: hexane, 
Table 1 
Predominant ^-alkane of leaves and pine needles of different 
present-day plants from Spain, most of them present in the 
surroundings of the Padul Basin 
Scientific name C o m m o n name Predominant 
ft-alkane chain 
Castanea castanea Chesnut tree 27-29 
Quercus robur Oak 27 
Juglans regia Walnut tree 31 
Olea europaea Olive 33 
Quercus ilex Evergreen oak 29 
Populus nigra Poplar 27 
Pinus pinaster Marit ime pine 29 
Pinus nigra Black pine 27 
Pinus halepensis Aleppo pine 29 
Juniper us communis C o m m o n Juniper 33 
Ulex europaeus Gorse 31 
Artemisia arborea Mugwor t 31 
Juncus maritimus Rush 29 
Phragmites communis Reed 29 
Stipa tenacissima Espar to grass 31 
dichloromethane/hexane 80% and methanol. Samples 
were injected into an H P 6890 gas-chromatograph with 
selective mass detector (HP 5973) and HP-5MS column. 
The compounds were identified with the Da ta Analysis 
program and the Wiley Library and n-alkane abun­
dances were calculated from the GC/MS chromato-
grams of mlz 57. 
4. Results 
4.1. Chronology 
The ages are shown in Fig. 2, where the dating of the 
top of the Padul record (4450 ± 60 ka) obtained by Pons 
and Reille (1988) has been represented. Numerical dates 
obtained with different methods are consistent. The pal-
aeomagnetic data of the uppermost ca. 98 m of the bore­
hole revealed normal magnetic polarity, confirming the 
numerical dates and can be assigned to the Bruhnes 
Magnetozone (Upper and Middle Pleistocene). For the 
bo t tom of the borehole (>97 m), negative polarity was 
observed and this part was interpreted as belonging to 
the Matuyama Magnetozone (Lower Pleistocene). These 
results corroborate the amino acid racemization dating 
of horizon SPD-9710 (885 ± 150 ka) and information 
obtained from a palynological study (M.V., unpublished 
data) and from Menendez Amor and Florschlitz (1962). 
Some of the taxa determined at the bot tom of the core, 
such as Liquidamber and Carya, are typical of Pliocene 
and Lower Pleistocene sediments, respectively. 
Fig. 3 shows dating vs. thickness. This enables the 
age of undated intermediate horizons to be calculated. 
Depth (cm) = 148.20 +18.43 t - 8.36 x 10"312 
r= 0.996 
no 1 • • • • • • • • • • 1 
0 100 200 300 400 500 600 700 800 900 1000 1100 
Age (ka) 
Fig. 3. Age-dep th relationship established for the Padul peat 
bog core. Dates (Fig. 2) have been obtained through radiocar­
bon, U /Th and amino acid racemization methods and 
palaeomagnetism. 
4.2. Organic geochemical proxies 
The logs of the palaeoenvironmental proxies used in 
this paper, i.e., concentration of organic carbon 
(%TOC), H/C and C/N ratios, 313C values, the carbon 
preference index (CPI) and the n-alkane predominant 
chain are shown in Fig. 4. In Fig. 5, an expansion the 
uppermost 40 m of Padul Basin record is provided be­
cause this span (40-0 m) is described in more detail. 
The % T O C values range between 52.38 and 0.06. 
They are calculated after removing the inorganic carbon 
by adding HC1. F rom a general point of view, %TOC 
values are lower below 60 m, while in the upper 60 m, 
%TOC values increase although in some cases important 
variations are recorded. 
H/C values range between 0.33 and 115.2. However, 
they are generally lower than 5, although there are some 
greater values, especially at the bot tom of the core (in 
some cases >100). We prefer to use a smaller scale ( 0 -
5) in order to highlight the cut-off values of different 
groups discussed below. When H/C values are greater 
than 5, they are clearly beyond the scale's upper limit. 
In the uppermost 60 m, H/C values are generally be­
tween 0.8 and 1.7. 
C/N ratios range between 0.227 and 139, while the 
organic-matter d13C values range between —31.4 and 
- 1 7 . 8 . The C/N and 313Corg logs of Figs. 4 and 5 are 
represented with distinctive symbols (circles, squares, 
full-squares and triangles) according to the groups de­
fined later. 
Fig. 4. Concentrat ion of organic carbon (%TOC), H/C, C/N, 3 C, CPI and predominant ft-alkane chain logs. H/C ratios are 
represented up to 5, a l though there are some greater values, especially at the bo t tom of the core (in some cases >100). We have 
preferred to use a smaller scale (0-5) in order to show the cut-off values of different groups (0.8; 1.3 and 1.7). When H/C values are 
greater than 5, they are beyond the scale upper limit. In the 3l3C and C/N logs, samples have been identified according to the groups 
differentiated in Fig. 6 with distinctive symbols (Group 1, triangles; G r o u p 2, squares; G r o u p 3, full-squares; G r o u p 4, circles). Full 
triangles represent samples with low % T O C values. 
Fig. 5. Concentrat ion of organic carbon (%TOC), H/C, C/N, 3 C, CPI and predominant ft-alkane chain logs in the uppermost 40 m. 
See Fig. 4 for description. 
The predominant w-alkane chain is also represented 
in Figs. 4 and 5. Most of the samples of the upper part 
of the core maximize at C 2 7 , C29 or C 3 1 , while the Cn n-
alkane is predominant in samples from 107 to 60 m. 
The carbon preference index (CPI) represents the 
predominance of odd-over-even w-alkanes over a certain 
range and is defined as: CPI - (5^C 23-3i(odd) + C25-
3 3(odd))/(J]C24-32(even)). The values of this proxy vary 
between 8.27 and 0.23. 
5. Discussion 
5.1. Concentration of total organic carbon 
The concentration of total organic carbon is a funda­
mental proxy for describing the abundance of organic 
matter in sediments. The %TOC represents the organic 
matter that escaped remineralization during sedimenta­
tion and is influenced by both the initial production of 
biomass and subsequent degree of degradation, so it 
integrates different origins of organic matter. Typical or­
ganic matter contains approximately 50% carbon, such 
that the concentration of organic matter in sediment is 
equivalent to about twice %TOC (Meyers, 2003). 
Low concentrations of organic carbon, less than 
0.5%, were found in sediments from several horizons 
of the bot tom of Padul borehole (106.8; 106.4-104.6; 
101.20; 100.8; 100.4; 98.0; 97.6-96.4; 85.6; 80.9-80.7; 
78.7-78.0; 71.4; 70.2-70.0 m), where detritic sediments 
are dominant (lutites, gravel, marls) with very scarce int-
erbeds of peat. This provides evidence of greater depths 
than those normally supposed for a peat bog. High 
amounts of mica flakes and very coarse sand-sized meta-
morphic rock fragments transported from the detrital 
deposits (Pliocene) of the surrounding areas were found, 
suggesting that run-off contribution to the Padul Basin 
water recharge was greater with different boundary con­
ditions than today's. 
A sudden increase in the concentration of organic 
carbon from 70 m marks a dramatic change in the sed­
imentary record, with a predominance of peaty lutites 
(between 70 and 50 m) and peat (from 50 to 0 m). There 
are, however, some minima in the %TOC valves, which 
correlate with horizons consisting of marls (36.0-33.4 m) 
or sands (7-4.5 m). 
This correspondence between the concentration of 
organic carbon and lithology can be interpreted in terms 
of hydrogeological behaviour. During the first third of 
the record (107-70 m) there was a relatively deep water 
body (lacustrine conditions) in the Padul Basin, proba­
bly associated with a considerable run-off, whereas in 
the uppermost 70 m this changed into palustrine condi­
tions (peat bog s.s. "...enclosed basins of deposition, 
such as former lake basins... where plant growth and 
succession results in a compact accumulation of plant 
debris", Sirkin, 1978) with predominant groundwater 
recharge. 
5.2. Organic matter HIC ratios 
The atomic H/C ratio can be used to determine the 
origin of organic matter and changes in lake level 
(oxic-anoxic conditions). H/C values decline during 
exposure to air, mainly due to the selective removal of 
labile components during transport and after deposition 
by bacterial respiration and inorganic oxidation (Talbot 
and Livingstone, 1989) and the preservation of labile 
components is enhanced by rapid transport and burial 
in an anoxic environment (Talbot, 1988). Therefore, 
the range organic matter preservation as recorded by 
H/C ratios reflects its transport , burial history and redox 
conditions. 
According to Hun t (1979), Pocock (1982) and Tis-
sot and Welte (1984), sedimentary organic matter can 
be classified as algal/amorphous, herbaceous, woody 
or coaly. Algal and amorphous remains tend to be 
more hydrogen-rich than the other groups because of 
their relatively high content of saturated organic com­
pounds and have H/C ratios higher than 1.7 (Talbot 
and Livingstone, 1989). Herbaceous remains are richer 
in aromatics and so have a lower hydrogen content; 
they have H/C values between 1.3 and 1.7 (Talbot 
and Livingstone, 1989), while woody material is dom­
inated by polycyclic aromatic compounds that are even 
poorer in hydrogen, with H/C ratios between 0.8 and 
1.3 (Talbot and Livingstone, 1989). At the other ex­
treme, altered or oxidized plant material (coaly) has 
H/C values lower than 0.8. Thus, the atomic H/C ratio 
can be used to differentiate between the origin of the 
organic matter present in a sediment, al though the 
boundaries between the different groups are, however, 
in reality diffuse. 
These groups can be also a guide to the organic mat­
ter preservation potential. Significant amounts of pre­
served algal or herbaceous remains normally indicate 
deposition in an oxygen-poor environment (Talbot and 
Livingstone, 1989), while extreme oxidation of the or­
ganic matter results in the presence of charcoal and de­
graded wood. 
The atomic H/C ratio log is shown in Figs. 4 and 5. 
The cut-off values of different groups (0.8; 1.3 and 1.7) 
have been highlighted using a scale ranging from 0 to 5. 
According to the H/C plot (Fig. 4), from 107 to 60 m 
there is a dominance of organic matter derived from 
phytoplankton (values higher than 1.7), with a few mini­
ma, reaching values characteristic of land plants (95.5-
94.5; 93.9-93.7; 93.3-93.1; 90.5; 88.5-88.3; 85.2; 73.9; 
73.5; 70.4; 66.2; 65.6; 65.3; 64.7; 63.9 m). However, H/ 
C values of some horizons from this part of the core 
may be artificially high owing to the low concentrations 
of organic carbon and the organic matter of the sedi­
ment might be from sources other than phytoplankton. 
The high values obtained from the bot tom of the core 
also indicate good preservation of organic matter (Tal­
bot and Livingstone, 1989) within an oxygen-poor 
(lacustrine) environment. In some cases, the H/C ratio 
decreases below 0.8, which indicates oxidation or altera­
tion of the organic matter and usually corresponds to 
gravel (66.8-65.7; 74.1; 97.8) or lutite (94.3-94.1; 93.5; 
79.9; 79.1; 77.8; 68.7-68.3 m) horizons. 
The behaviour of the Padul basin changed radically 
in the uppermost 60 m, in which the H/C ratio marks 
a predominance of inputs of organic matter from terres­
trial plants (values between 0.8 and 1.7), suggesting the 
existence of low-water episodes (palustrine). There are, 
however, eight episodes of elevated H/C ratios that re­
cord a rise of the water level (58.1; 51.2; 50.5; 42.7; 
36.0-33.6; 7.1; 6.7-6.1; 5.5^1.6 m). In four of them 
(36.0-33.6; 7.1; 6.7-6.1; 5.5^1.6) a lithological change 
(marls and calciarenites) was recorded. 
The H/C ratio varies narrowly from 33.4 m to the top 
of the core. Most of the values are below 1.3, a value 
consistent with either woody (0.8<H/C<1.3) or herba­
ceous terrestrial plants (1.3<H/C<1.7). 
There are more frequent oscillations from 60 to 36.0 
m (ca. 400-180 ka B.P.): there is a predominance of H/C 
values characteristic of herbaceous plants (60.4-59.8; 
55.1-52.2; 50.3^19.7; 47.7^17.5; 42.5; 41.5; 40.2-40.0; 
37.2-37.0 and 36.6 m), alternating with values typical 
of woody plants. There are only four episodes (58.1; 
51.2; 50.5; 42.7 m) of phytoplankton abundance. This 
might be related to precipitation oscillations. During 
wetter periods trees should develop, while in drier epi­
sodes grasses should be predominant. However, this will 
have to be analyzed in greater detail because in the sur­
roundings of Padul Basin there are some species of Pinus 
and perennial Quercus typical of areas with low precip­
itation rates and warm or relatively high temperatures 
(Mediterranean climate). 
There is good correspondence between the H/C val­
ues characteristic of woody plants and the predomi­
nance of C 2 7 and C 2 9 w-alkanes, typical of trees 
(Cranwell, 1973). However, there are other samples 
where these w-alkanes are predominant whereas other 
proxies indicate different provenance of organic matter. 
This is explicable in terms of other kinds of vegetation, 
such as emergent macrophytes, maximizing at C 2 7 to 
C 3 1 w-alkanes (Ficken et al., 2000). 
5.3. Organic matter CIN ratios and carbon stable isotopic 
composition 
The C/N ratio is an indicator of the protein content 
of organic matter (Miiller and Mathesius, 1999). Pro­
teins account for the greatest par t of the organic matter 
of living organisms together with lipids and carbohy­
drates, but the proportional abundance of proteins var­
ies among organisms. Thus, this proxy provides 
information about the proport ions of algal and land 
plant contribution to organic matter (Prahl et al., 
1980; Meyers, 1994; Kaushal and Bindford, 1999). 
Benthic organisms and bacteria have C/N ratios 
around 4.2 and 4.1, while in planktonic organisms the 
ratio can vary between 4 and 7 (Bordovskiy, 1965). 
Fresh organic matter from lake algae, which are pro­
tein-rich and cellulose-poor, has C/N values ranging 4 
and 10, whereas vascular land plants, which are pro­
tein-poor (1-10%) and cellulose-rich, usually have ratios 
of 20 and greater (Hedges et al., 1986; Meyers, 1994). 
C/N ratios between 30 and 40 are characteristic of 
cellulose-rich plants (Ertel and Hedges, 1985), whereas 
values of 12-17 suggest a mixture of algal and vascular 
plant. 
These differences generally survive sinking and sedi­
mentat ion in subaqueous environments; however, dia-
genetic processes, such as autolysis, dissolution and 
microbial mineralization, e.g., oxic/anoxic cycles, micro­
bial decay and bacterial processes (Aller, 1994) can mod­
ify the original ratios (Miiller and Mathesius, 1999). For 
this reason, the carbon isotope ratio of organic carbon is 
often used together with C/N values to answer questions 
concerning the sources and composition of organic 
matter. 
The carbon isotopic compositions of organic matter 
reflect the dynamics of carbon assimilation during pho­
tosynthesis and the isotopic composition of the carbon 
source, which depends on environmental conditions 
(Hayes, 1993). 
The carbon isotopic composition of organic matter 
(<513C) in lake sediments is frequently used to distinguish 
among the organic matter sources, especially between 
terrestrial and aquatic plants. It can further differentiate 
between different types of land plants ( C 3 and C 4 ) and be 
used to constrain algal productivity (Talbot and Johann-
essen, 1992). 
Phytoplankton algae preferentially utilize 1 2 C to pro­
duce organic matter and therefore remove 1 2 C from sur­
face waters reservoirs (Dean and Stuiver, 1993). 
Consequently, the 1 3 C / 1 2 C ratio of the remaining inor­
ganic carbon increases and produces an increase in <513C 
values in the newly produced organic matter. Thus, an in­
crease in productivity yields an increase of 1 3 C in the 
organic matter. Freshwater phytoplankton typically have 
<513C values between - 2 0 % o and - 3 0 % o (Galimov, 1985). 
Nevertheless, there are several additional factors that 
can control the <513C values, including the chemistry of 
the water, the exchange of C 0 2 with atmosphere, the 
dissolved inorganic matter reservoir and the carbon 
acquisition mechanisms (Mckenzie, 1985; Hakansson, 
1985). In fact, phytoplankton can sometimes produce 
an enrichment in 1 3 C of biomass when photosynthesis 
occurs under C 0 2 limiting-conditions (Sharkey and 
Berry, 1985; Hodell and Schelske, 1998). Laws et al. 
(1995), Bidigare et al. (1997) and Popp et al. 
(1997a,b,1998) observed that the fixation of organic car­
bon is mostly influenced by the growth rate (cell size) 
and cell geometry of phytoplankton together with the 
concentration of the aqueous C 0 2 . However, in some 
other cases the relation between carbon isotope fractio­
nation during carbon fixation and growth rate was 
found to be non-linear (Laws et al., 1997), at least with 
low aqueous C 0 2 concentrations; this was attributed to 
either an active uptake of bicarbonate or an uptake of 
C 0 2 with external carbonic anhydrase mediated conver­
sion of bicarbonate to C 0 2 supplementing the supply of 
C 0 2 when it becomes limiting (Laws et al., 1998). Thus, 
an active uptake of H C O ^ rather than C 0 2 can produce 
a 1 3 C-enrichment of biomass (Espie et al., 1991; Hol­
lander and Mckenzie, 1991; Goericke et al., 1994; Ber-
nasconi et al., 1997; Laws et al., 1998). 
In addition, the lake receives organic matter from its 
surroundings. Terrestrial plants can be divided in two 
groups depending on their methods of C 0 2 concentra­
tion and photo synthetic fixation pathways and subse­
quently the fractionation against 1 3 C , namely C 3 and 
C 4 . 
In terrestrial plants utilizing the C 3 (Calvin) pathway, 
the enzyme Rubisco, which is responsible for the fixation 
of C 0 2 during photosynthesis, produces a discrimina­
tion against 1 3 C (Farquhar et al., 1982). Taking into ac­
count the diffusion in and out of the cell and 
environmental factors, the resulting common range for 
313C values of C 3 land plants (trees, shrubs and cold cli­
mate grasses) is — 23% Q to — 31% Q (cf. O'Leary, 1981, 
1988; Meyers, 1990; Meyers et al., 1995; Meyers and 
Lallier-Verges, 1999; Ficken et al., 2000), with a mean 
value of — 27%Q. On the other hand, land plants that 
use the C 4 (Hatch-Slack; grasses and sedges) photosyn-
thetic pathway have d13C values between — 9%Q and 
-17%o (Tieszen et al., 1979; O'Leary, 1981, 1988; 
Meyers, 1990; Ficken et al., 2000), with a mean value 
o f - 1 3 % , 
Distinctive d13C values can be used together with the 
C/N values to identify the major sources of organic mat­
ter in lake sediments. Carbon isotope values are consid­
ered to be relatively conservative in comparison with C/ 
N ratios (Thornton and McManus , 1994). 
The atomic C/N ratio and the carbon isotopic com­
position of organic matter (S13Corg) logs are shown in 
Figs. 4 and 5. Fig. 6 compares the atomic C/N ratios 
to the S13Corg values. Four groups can be distinguished 
according to the inferred major sources of organic mat­
ter: Group 1 (algae), Group 2 (mixed origin: algae/C 3 
plants), Group 3 (algae/land plants) and Group 4 ( C 3 
land plants). Samples from each group were identified 
with distinctive symbols in the C/N and S13Corg logs 
(Figs. 4 and 5). 
Samples from Group 1 (algae), with low C/N ratios 
and S13Corg values, should reflect periods of increasing 
water input which caused the water level to rise and pro­
duced phytoplankton blooms. Most of these, except one 
at 42.1 m, are located in the lowermost 65 m of the core 
(Fig. 4). The hydrological model for this part of the re­
cord suggests that these high water level phases are 
probably linked to wet episodes and temperate or warm 
climate, causing an increase in run-off. 
However, many samples with low concentrations of 
organic carbon (listed above and plotted as full triangles 
Fig. 6. <5 1 3 C o r g vs. C/N plot. Fou r groups have been distinguished: G r o u p 1 (algae), G r o u p 2 (algae/C 3 plants), G r o u p 3 (algae/land 
plants), and G r o u p 4 ( C 3 land-plants). C/N ratios are represented up to 100. Samples (7) with C/N values higher than 100, have <5 1 3 C o r g 
values between - 2 8 . 5 and -27 .10 , being included within G r o u p 4. 
in Fig. 4) are included within this group and cannot be 
interpreted as being derived from lacustrine algae be­
cause their C/N ratios are probably artificially depressed 
(Meyers, 2003). This is due to the analytical methodol­
ogy, where the carbonate carbon is removed from sedi­
ment, but the inorganic nitrogen is not. Generally, in 
most of the sediments the inorganic nitrogen concentra­
tions are smaller than the organic nitrogen ones (Miiller 
and Mathesius, 1999), but in sediments with low organic 
carbon concentrations (lower than 0.3%), such as some 
located at the bot tom of Padul core, the proport ion of 
inorganic nitrogen can be a large fraction of residual 
nitrogen and C/N ratios may be biased. 
Group 2 (mixed origin: algae/C 3 plants) has <5 1 3 C o r g 
values which are typical of either phytoplankton or C 3 
land plants, and C/N values between 10 and 20, which 
suggests a mixture of organic debris. This probably re­
flects water inputs to the Padul Basin (not as large as 
in Group 1), which caused noticeable algal production 
and a washing in of land plant and aquatic organic mat­
ter. According to the different hydrogeological scenarios 
of the upper and lower part of the Padul record, we con­
clude that , when samples of this group are located at the 
bot tom of the core (>65 m), they reflect increases in 
water body depth linked to higher runoff and, therefore, 
wet climatic phases (Fig. 4). On the other hand, when 
samples of this group are in the top 65 m (Fig. 4), they 
probably reflect warm-temperate periods that acceler­
ated thaw in the surrounding mountains and higher run­
off and groundwater recharge. 
Group 3 (algae/land plants shown as full squares in 
Figs. 4-6) is more difficult to interpret. The samples in­
cluded in this group are from 36.0-33.6 m, with one 
from 6.70 m (Figs. 4 and 5). The <5 1 3 C o r g values 
(—17%0 and — 21 %0) are between the common values 
for phytoplankton ( -20% o to - 3 0 % o , Galimov, 1985) 
and C 4 plants ( - 9 % 0 to - 1 6 % 0 ; Tieszen et al., 1979; 
O'Leary, 1981). The C/N values fall in the range 10-20 
and might indicate a mixed origin of algae and organic 
residues belonging to C 4 plants, though some C 3 plants 
could also contribute. 
This episode, according to our interpretation, is re­
lated to warm and dry conditions. It might have caused 
an important development of both phytoplankton with­
in the peat bog and C 4 grasses and shrubs on the bor­
ders. In fact, most studies attribute the high <513C 
values for organic matter in African lake sediments to 
the spread of C 4 plants, notably savanna grasses and 
sedges, as a result of drier climate and/or lower pC02 
(Hillaire-Marcel et al., 1989; Talbot and Johannessen, 
1992; Street-Perrott, 1994; Ficken et al., 1998b; Huang 
et al., 1999), al though coinciding with cold phases (Last 
Glacial Age). 
In our view, the land plants that follow the C 4 photo-
synthetic pathway did not develop sufficiently to cause 
such a heavy increase in isotopic composition of the sed­
iment. There is no evidence in other parts of the core for 
similar values. Likewise, in the palynological analysis no 
important pollen counts of C 4 plants were recorded in 
this span (cf. Florschtitz et al., 1971). However, this 
interpretation must be handled carefully owing to the 
question of how the proxies are delivered into lake sedi­
ments, i.e., pollen is carried by wind, whereas organic 
debris is carried by streams or just falls from the surface. 
Otherwise, some aquatic macrophytes could contribute 
to those values; in fact, the Vaq ratio (used to determine 
the relative inputs to lake sediments of aquatic macro­
phytes and terrestrial plants) of these samples is between 
0.25 and 0.6 (unpublished data). This range suggests an 
important development of emergent and submerged/ 
floating aquatic macrophytes (Ficken et al., 2000). 
Nevertheless, an uptake of dissolved H C O ^ (with 
<513C = 1%0) by algae, diatoms and aquatic macrophytes 
could have occurred sufficiently to drive up the <5 1 3 C o r g 
to values in the range of C 4 plants or even a bit higher 
(Keely and Sandsquist, 1992; Goericke et al., 1994), be­
cause of the limited availability of dissolved C 0 2 , which 
can be reduced in periods of high productivity (Hol­
lander and Mckenzie, 1991; Goericke et al., 1994; 
Bernasconi et al., 1997;), at high growth rates (Laws 
et al., 1998) or in waters where HCOj~ to C 0 2 ratios 
are kept high by alkaline p H (Espie et al., 1991; Hassan 
et al., 1997; Laws et al., 1998). 
The samples of Group 3 show relative maxima in the 
atomic H/C values, confirming its provenance from an 
important algae development. In cases like this, the re­
moval of C 0 2 by algae (high primary productivity) pro­
motes calcite precipitation by decreasing the aqueous 
C 0 2 (Hodell and Schelske, 1998; Hodell et al., 1998), 
such as in the 36.0-33.6 m span which consists mainly 
of marls. Also, precipitation of C a C 0 3 is induced by 
warming of surface waters. In these cases, a wide range 
of <513C values (from - 1 0 % o to -47% 0 ) is found in fresh­
water phytoplankton, in which the aqueous chemistry, 
dissolved inorganic carbon reservoir and carbon acquisi­
tion mechanisms exert great control on the carbon iso­
tope composition (Tyson, 1995). In brief, the possible 
decrease of C 0 2 could have caused uptake in dissolved 
bicarbonate (with higher values of <513C) by algae and 
macrophytes instead of the limiting C 0 2 , in the way pro­
posed by Laws et al. (1998). 
Based on this information, the high <5 1 3 C o r g values 
obtained between 36.0 and 33.6 m (ca. 180 to 170 ka 
B.P.) should be related to a climatic opt imum when ice 
from the surrounding mountains melted and reached 
the peat bog through groundwater flow, causing a rise 
in water level, an increase in dissolved H C O ^ (dissolu­
tion of dolostones) and the development of 
phytoplankton. 
Finally, C/N and <5 1 3 C o r g values for Group 4 are 
characteristic of C 3 land plants (Filley et al., 2001; 
Meyers, 2003). However, they may also be characteristic 
of aquatic macrophytes (Miiller and Mathesius, 1999). 
Therefore, samples of this group cannot be ascribed to 
a specific palaeoenvironmental event. C 3 terrestrial 
plants may be either grasses or trees characteristic of 
areas with different precipitation rates. Furthermore, 
C 3 trees include a huge variety of species with diverse 
ecological characteristics. For these reasons samples of 
Group 4 may either indicate episodes of greater or lesser 
water inflow but, in all cases, not as large as in samples 
of Groups 1, 2 or 3. 
Figure 4 shows that at the bot tom of the core (>65 m) 
algae were a major organic matter source (predominance 
of samples belonging to Group 1). This suggests that the 
water was deeper than in the middle and upper part of 
the record, in which palustrine conditions probably pre­
dominated. However, samples belonging to Group 1 
with low concentrations of organic carbon (full trian­
gles) cannot be interpreted as being derived from phyto­
plankton. These results are consistent with those 
obtained from lithology, %TOC and H/C ratio, 
al though there is a lag at the top of this period of about 
5 m (65-60). Likewise, some episodes with land-derived 
organic matter are also important in this part of the 
core, which correlates extremely well with the decrease 
in the H/C ratio (Fig. 4). More specific points can be 
made: the terrestrial plants that reached the Padul basin 
belonged to C 3 plants and there are some episodes with 
an important vegetation cover ( C / N » ) . 
Between 60.0 and 36.0 m (ca. 400-180 ka B.P.), most 
of the samples are included in Group 4 with some phases 
of major phytoplankton and algae development (58.1; 
51.2; 50.5 and 42.7) as interpreted from the H/C ratio 
(see discussion above). Most of the information comes 
from the interpretation of the atomic H/C ratio which, 
as discussed above, indicates the alternation of episodes 
with grasses/trees dominance. 
There is also close correlation between the oscilla­
tions observed in the H/C plot and the C/N and 
<5 1 3 C o r g values in the rest of the core. The rise in water 
level recorded in samples of Group 3 (36.0-33.6 and 
6.7 m) is also recorded in the H/C log (Figs. 4 and 
5). Likewise, owing to the good correspondence be­
tween the litholog of Florschiitz et al. (1971) and ours 
(Nestares and Torres, 1998), it is possible to observe 
coincidences between palynology and our study. 
Around 38.0-34.0 m there is a major decrease in 
Artemisia and Chenopodiacea together with an increase 
in Quercus from the preceding span, suggesting opti­
m u m conditions. 
The global climatic changes occurring from ca. 170— 
25 ka B.P. (from 33.6 to 7 m) did not strongly affect the 
palaeoenvironmental proxies; i.e., H/C and C/N ratios 
and <5 1 3 C o r g values vary little, except at 21.2 m where 
C/N and <5 1 3 C o r g values belong to Group 2, the H/C ra­
tio increases and the concentration of organic carbon 
decreases. This is interpreted as a rise in the peat bog 
water level. However, the pollen diagram (Florschiitz 
et al., 1971) indicates major changes around 20-25 m. 
In the uppermost part of the core (approximately the 
last 7 m), many samples belong to Group 2 (algae-C 3 
plants), indicating the mixture of organic matter sources 
alternating with Group 4 ones ( C 3 land-plants). The var­
iations in the <5 1 3 C o r g values between 6.7 and 4.5 m, with 
a maximum difference of 5%0 (—23.3%0 to — 28.3% 0), are 
specially marked. These differences are undoubtedly re­
lated to important vegetation changes, but always within 
the range of plants following the C 3 photosynthetic 
pathway, linked to the Last Glacial Maximum and the 
beginning of the Holocene (Fig. 2). 
Samples with lower <5 1 3 C o r g values (6.9-6.7; 5.9-5.6 
and 4.6 m) are included in Group 4 and coincide with 
atomic H/C ratios common to grasses (1.3<H/C<1.7) 
and with predominant w-alkane chains of 31 carbon 
atoms which are typical of grasses (Cranwell, 1973). 
There is also high consistency between our interpreta­
tion and the pollen study of Valle et al. (in press): the 
pollen assemblages and organic geochemical proxies 
provide evidence for a clearly marked palaeoclimatic 
change from the span 7.25-6.65 m, reflecting glacial con­
ditions (Heinrich H 2 event), to 6.65 m at which the cli­
mate improved. In our view these samples indicate 
cold phases coexisting with dry periods which produced 
the recession of temperate forests in this area and the 
development of grasses (Artemisia and Chenopodiacea; 
cf. Valle et al., in press). After these periods, both tem­
perature and precipitation increased, causing the expan­
sion of temperate forests and a rise in water level, with 
an important production of algae. These latter episodes 
are characterized by samples of Group 2 (algae and C 3 
plants) and Group 3, which coincide with H/C ratios 
characteristic mainly of phytoplankton or trees (see dis­
cussion above), and C2i o r C 2 9 predominant w-alkanes, 
common to trees (Cranwell, 1973). 
Some changes in the palaeoenvironmental proxies oc­
curred during the Holocene, i.e., <5 1 3 C o r g values remain 
almost constant, al though we deduce alternation of 
wet and dry episodes characterized by samples of Group 
2 and Group 4, respectively. 
5.4. Biomarker molecule proxies (n-alkanes) 
Hydrocarbons as a group are less susceptible to 
microbial degradation during diagenesis than most types 
of organic matter because they lack the functional 
groups that impart chemical reactivity (Prahl and Car­
penter, 1984; Meyers et al., 1995), and moreover, they 
have low water solubility. Hydrocarbons constitute a 
small fraction of the total organic matter in both biota 
and sediments and diagenetic degradation of other com­
pounds may exaggerate the source signatures of bio­
marker hydrocarbons (Tenzer et al., 1999). 
The M-alkanes present in a sediment reflect mainly the 
contribution from algae, aquatic macrophytes and land 
plants. They survive unchanged during passage through 
the digestive systems of animals and the contributions of 
M-alkanes by animals or fungi to sediments are negligible 
(Ficken et al., 1998a). 
There are three principal sources of biotic hydrocar­
bons in lake sediments that produce different M-alkane 
profiles: (1) algae and bacteria that live within a lake, 
(2) aquatic macrophytes that live in the lake, and (3) vas­
cular plants that live around it. 
The hydrocarbon compositions of phytoplankton are 
dominated by low molecular weight, where algae maxi­
mize at C 1 7 M-alkane and some cyanobacteria at C 1 9 
(Gelpi et al., 1970; Blumer et al., 1971; Cranwell et al., 
1987). Even-chain M-alkanes ranging from C M to C 2 2 
have been ascribed to photosynthetic and non-photo-
synthetic bacterial inputs (Han and Calvin, 1969; H a n 
et al., 1980; Grimalt and Albaiges, 1987). 
The M-alkanes of submerged/floating macrophytes n-
alkanes maximize at C 2 i , C 2 3 and C 2 5 (Cranwell, 1984, 
Ogura et al., 1990, Viso et al., 1993). The emergent 
macrophytes have M-alkane distributions similar to ter­
restrial plants, that is, maximizing at C 2 7 and C 2 9 (Cran­
well, 1984). 
Vascular plants on land or around edges of lakes con­
tain large proport ions of higher molecular weight M-alk­
anes, C 2 7 , C 2 9 and C 3 i , in their epicuticular waxy 
coatings (Eglinton and Hamilton, 1963, 1967; Eglinton 
and Calvin, 1967; Cranwell et al., 1987, Rieley et al., 
1991), and abundances of these wax hydrocarbons reflect 
the amount of organic matter transported to lakes from 
the surrounding land. More specific differentiations can 
be made: where grasses dominate, C 3 1 is the major M-alk­
ane, while C 2 7 and C 2 9 are more abundant in sediments 
where trees predominate (Cranwell, 1973). We have re­
cently analyzed leaves and pine needles of present day 
plants (Table 1), most of those present in the surround­
ings of the Padul Basin showing similar results; in two 
species, Junniperus communis (Juniper) and Olea europ-
aea (olive) M-alkanes maximize at the C 3 3 M-alkane. 
The carbon preference index (CPI) can be used as a 
proxy for the preservation potential of the organic mat­
ter when there is a clear predominance of superior plant 
waxes. CPI values are high in living plants and surface 
sediments but then decrease, tending to a final value of 
1 with increasing maturity. In general, young (modern) 
vascular plants have CPI values around 7 but due to dia-
genetic processes their CPI gradually decrease down to 1 
(Hedges and Prahl, 1993). However, this index cannot 
be used as a preservation potential proxy in all cases be­
cause a CPI of 1 may also indicate immature organic 
matter with only a low contribution from higher plants. 
The predominant M-alkane chain log is shown in Figs. 
4 and 5, which is interpreted as an indicator of the origin 
of the organic debris input (algae, aquatic macrophytes 
or land plants; Cranwell et al., 1987; Ficken et al., 
2000) and of variation over time in the water-body 
depth. 
Sometimes, especially in peats, despite the presence 
of plant species dominated by the shorter chain length 
M-alkanes, the latter are either minor components or 
are absent from chromatograms, which suggests that a 
selective diagenetic removal of lower molecular weight 
M-alkanes has occured (Lehtonen and Ketola, 1993; Fic­
ken et al., 1998a). This is not the case in the Padul peat 
bog. Atomic H/C ratios, which are also used to deter­
mine the preservation of organic matter, are only below 
0.8 in very few cases. Likewise, with respect to the CPI, 
most of the values are greater than 1.5, with some rare 
exceptions in the lower part of the core. Therefore, very 
little removal of components during t ransport and after 
deposition occurred. 
The predominance of M-alkanes of low-molecular-
weight at the bot tom of the core (>70 m) indicates that 
algae and bacteria are important organic matter sources 
(Gelpi et al., 1970; Blumer et al., 1971; Cranwell et al., 
1987). This suggests, as do the other palaeoenvironmen­
tal proxies, that the water body would have had some 
depth. There is also an important number of samples 
indicating another origin for the organic matter (land 
plants or aquatic macrophytes) with predominant C 2 7 
to C 3 i M-alkanes (Cranwell, 1973). In all cases, organic 
matter inputs were smaller than in the upper part of 
the core (cf. %TOC). 
With the aid of the predominant M-alkane chain 
proxy, samples of doubtful origin, such as those with 
low concentrations of organic carbon, can be ascribed 
to a certain group. Thus, samples with predominantly 
lower molecular weight M-alkanes are derived from phy­
toplankton (104.6; 96.8; 85.6; 80.9; 71.4; 70.1), whereas 
in the remaining samples the organic matter likely came 
from other sources (macrophytes or land plants). 
Between 70 and 65 m, the C 3 i M-alkane predominates, 
suggesting input from grasses, with three episodes in 
which the C 2 9 M-alkane is abundant . In our wiew this 
indicates the existence of dry conditions which produced 
the recession of trees and the expansion of grasses. 
In the lower and middle parts of the core, the pre­
dominance of C 2 7 , C 2 9 and C 3 i M-alkanes might be re­
lated to palustrine conditions (Figs. 4 and 5) with 
important organic matter inputs from trees or grasses, 
al though this predominance may also indicate high 
water level phases, as emergent macrophytes usually also 
maximize at those M-alkanes (Ficken et al., 2000). There 
are some exceptions, such as between 36.0 and 33.6 m, 
where lower molecular weight M-alkanes, typical of phy­
toplankton, are predominant. This corroborates the 
information provided by the other proxies, as discussed 
above. There are also some samples in which C 3 3 M-alk­
ane, characteristic of Juniperus or Olea (see Table 1; Fic­
ken et al., 2000), is predominant. 
6. Conclusions 
The concentration of organic carbon, the atomic H/C 
and C/N ratios, the <513C and CPI values and the pre­
dominant w-alkane chain length, proved to be excellent 
palaeoenvironmental proxies for the study of the palaeo-
climatological and palaeohydrological evolution of Pa­
dul Peat Bog. The atomic H/C ratios and CPI values 
indicate that little diagenesis during transport and after 
deposition occurred in the basin. 
These proxies provide evidence of two markedly dif­
ferent hydrogeological scenarios in the Padul Basin. 
F rom the bot tom (ca. 1 M a B.P.) to 60 m (ca. 400 ka 
B.P.), an important run-off recharge made the water-
body deeper than in the rest of the record. F rom 60 m 
to the uppermost part (ca. 400-4.5 ka B.P.), the Padul 
Basin became a peat bog s.s., with the main water input 
coming as groundwater inflow. 
Atomic C/N ratios and <5 1 3 C o r g values distinguished 
four different palaeoenvironmental scenarios: Group 1 
(algae), Group 2 (mixed origin: algae/C 3 plants), Group 
3 (algae/land plants) and Group 4 ( C 3 land plants). Sam­
ples of each group were identified with distinctive sym­
bols in the C/N and <5 1 3 C o r g logs (Figs. 4 and 5). 
According to our interpretation, samples of Groups 1 
and 3 represent relative high water level episodes while 
samples of Group 4 reflect episodes with less water avail­
ability; samples of Group 2 reflect intermediate episodes. 
Samples with low C/N ratios and intermediate-low 
<513C values (Group 1) as well as with high H/C ratios 
and abundant of lower molecular weight w-alkanes, were 
interpreted as deriving from phytoplankton. These val­
ues are predominant in the lower part of the core (ca. 
lMa-400 ka B.P.) and can be related to wet episodes 
which caused the water body level to rise. 
F rom ca. 400 ka to ca. 180 ka B.P. (60-36.0 m), alter­
nating episodes linked to wet/dry phases with a domi­
nance of grasses or trees and aquatic macrophytes, 
respectively, were identified by the atomic H/C ratio. 
Two important warm-wet episodes, interpreted from 
low C/N and high <5 1 3 C o r g values (Group 3), occurred at 
ca. 180 to 170 ka B.P. (36-33.6 m) and at ca. 20 ka B.P. 
(6.7 m). The former can be correlated with the marine iso­
topic stage (OIS) 7a; and the latter with the climatic opti­
m u m identified by Florschiitz et al. (1971). The latter was 
also interpreted in the study of Valle et al. (in press). 
The global climatic changes occurring from ca. 170 to 
25 ka B.P. (33.6-7 m) were not recorded in the proxies. 
In this period, H/C and C/N ratios and <5 1 3 C o r g values 
varied little, al though significant variations occurred in 
the pollen log (Florschiitz et al., 1971). 
However, important changes linked to the Last Gla­
cial Maximum and the beginning of the Holocene were 
detected (7^1.5 m). Samples with lower <5 1 3 C o r g values 
coinciding with high atomic C/N ratios, atomic H/C ra­
tios between 1.3 and 1.7 and with predominant w-alkane 
chains of 31 carbon atoms represent cold-dry phases 
which caused the recession of temperate forests in this 
area and the extension of grasses. After these periods, 
both temperature and precipitation recovered, causing 
the expansion of temperate forests and a rise in water le­
vel, with a major production of lacustrine algae. These 
latter episodes are characterized by samples with inter­
mediate C/N ratios and <5 1 3 C o r g values as well as by H/ 
C ratios characteristic of phytoplankton or trees, and 
C 2 7 or C29 predominant w-alkanes. 
Few changes during the Holocene (uppermost 4.5 m) 
were recorded in the palaeoenvironmental proxies, 
though there were alternating wet and dry episodes. 
The predominant w-alkane chain provides evidence of 
organic matter origin and, in general, is consistent with 
the interpretation made from the other proxies. Some 
uncertainties, however, still remain, especially in the 
ascription of C 2 7 to C 3 1 predominant w-alkanes to either 
grasses, trees or aquatic macrophytes. Therefore, this 
proxy has to be interpreted together with others or infor­
mation from w-alkanes should be processed in another 
way. Thus, some authors (Meyers et al., 1980) preferred 
to use the ratio of the C29 to C 1 7 w-alkanes, the terrigen­
ous/aquatic ratio (TARHC; Silliman et al., 1996, Bour-
bonniere and Meyers, 1996; Tenzer et al., 1999) or the 
C i 5 _ 2 i / C 2 2 - 3 3 ratio (Xie et al., 2003) as a proxy for 
land-derived versus algal contributions of hydrocarbons. 
Compound specific carbon stable isotope analysis could 
also be useful. 
Based on the information provided by the palaeoen­
vironmental proxies used in this paper, a scheme repre­
senting the low, intermediate and high water level 
episodes is presented in Fig. 2B. These episodes are well 
correlated with the water input interpretation made 
using the lithology (Fig. 2A). Only in few cases does a 
bad correlation occur, which probably reflects the great­
er sensitivity of lithology to water level variation than 
organic geochemical proxies. 
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